Introduction
Amphiphilic AB and ABA block copolymers have been demonstrated to form a variety of self-assembled aggregate structures in dilute solutions where the solvent preferentially solvates one of the blocks. 1 The most common structures formed by these amphiphilic macromolecules are spherical micelles, cylindrical micelles and vesicles (polymersomes). [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] The morphology of the aggregate depends upon the relative volume ratio of the different blocks and upon the packing parameter (p), where
and v ¼ hydrophobic volume, a ¼ interfacial area at the hydrophobe-hydrophile/water interface and l ¼ the chain length normal to the surface per molecule (Fig. 1) . 13, 14 This concept has been successfully used to predict and explain the formation of spherical micelles (p z 1/3), cylindrical micelles (p z ½) and vesicles (p z 1) dependent upon copolymer volume fractions. The majority of such block copolymers possess hydrophobic blocks of which the glass transition temperatures (T g ) are lower than the ambient temperature of self-assembly so that in principle the aggregates exist in a dynamic equilibrium with individual solvated macromolecules. Consequently the aggregate structures can rearrange, optimizing their organization to approach their thermodynamic equilibrium structure. 15 The most widely used and studied commercially available examples of 'soft' amphiphilic block copolymers are the Pluronics consisting of poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) blocks. 16, 17 Block copolymers possessing hydrophobic blocks such as poly(methyl methacrylate) and polystyrene, whose T g s are substantially higher than the ambient temperature, [8] [9] [10] can be induced to form aggregates in aqueous dispersions by the slow addition of water to a solution in a watermiscible organic solvent, followed by removal of the solvent. Such block copolymers form spherical and cylindrical micelles with 'glassy' cores and vesicles with glassy wall interiors. Typical arrangements of aggregates formed are illustrated in Fig. 1 with specific examples of micelles, cylindrical micelles and vesicles formed by poly(1,2-butadiene-block-ethylene oxide) (PB-b-PEO) and polystyrene-block-poly(acrylic acid) (PS-b-PAA).
9,18 The former block copolymer polybutadiene component has a T g of À12 C and thus forms 'soft' aggregates ( Fig. 1A-C) , whereas the latter polystyrene component has a T g of $95
C and thus forms 'glassy' aggregates ( Fig. 1D-F) . It needs to be emphasised that in most cases the arrangement of copolymer chains in the aggregates are the same (Fig. 1 ) despite the possible difference in their equilibrium natures.
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Interest into the characterisation and controlled formation of block copolymer aggregates has been spurred on by their potential as surfactants, nano-to micro-sized carriers for active compounds e.g. pharmaceuticals, for the controlled release of encapsulated compounds (again largely pharmaceuticals and biologically active compounds) and for inorganic materials templating, amongst numerous other proposed applications.
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The demands of all of these applications have meant that research in the past decade has focussed not only on manipulating the properties of aggregates through control of both the chemistry of the constituent polymer blocks but also the external and internal morphology of the aggregates. Control of chemistry of copolymers whereby a range of monomers can be utilised in the construction of new copolymers has expanded enormously in the past two decades through dramatic advances in controlled radical polymerisations and to a lesser extent through advances in living ionic polymerisations. Readers are directed to the cited reviews for further information on these topics.
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More recently increasing emphasis has been placed on controlling the external and internal morphologies of aggregates. This review article will present an overview of recent approaches to controlling the self-assembly of amphiphilic block copolymers with a view to obtaining novel micellar morphologies. Whilst this article will touch upon multi-compartment micelles particular focus will be placed upon control of the overall shape of micelles; i.e. those systems that expand the range of accessible morphologies beyond 'simple' spherical and cylindrical micelles namely disk-like, toroidal and bicontinuous micelles.
Multi-compartment micelles
Of particular recent interest has been the design and construction of multi-compartment micelles with water soluble shells and internally segregated micellar cores, where two (or more) separate types of hydrophobic regions exist. The most obvious advantage of these structures would be that these distinct core domains could be used to store two or more incompatible compounds in different nanocompartments within the core. This would be of particular interest in the delivery of more than one pharmaceutical or bioactive agent which were otherwise incompatible, to the same site simultaneously. 31 The simplest structure for a multicompartment micelle is that of a core-shell-corona morphology (Fig. 2a) most commonly formed by linear ABC type block copolymers where A is the hydrophilic block and B and C are hydrophobic blocks with poor thermodynamic compatibility. [32] [33] [34] It is this high thermodynamic incompatibility, represented by a high Flory-Huggins interaction parameter (c), which drives the phase separation within the micellar hydrophobic core. The desire for the phase separated regions to solubilise different materials and the concomitant need for block incompatibility, triggered a widespread use of alkyl-and perfluoro-copolymer hydrophobic blocks as the immiscible components in multi-compartment micelles (e.g. Fig. 2c) . 35 A further approach to compartmentalised micelles was developed by Lutz et 
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More complex internal morphologies have been achieved through the use of miktoarm star block, star and graft block copolymers (Fig. 2b) . [37] [38] [39] Morphologies observed have included 'hamburgers' where a lamellar region is sandwiched between two other regions, segmented cylindrical micelles where the hydrophobic regions alternate along the length of the micelles and 'raspberry' micelles where one region adopts spherical shapes embedded in the matrix of the other. CryoTEM has played a key role in observing the interior segregation in these micelles which would otherwise not be apparent from the simple contrast given by traditional TEM techniques (e.g. negative staining) and was first used by Hillmyer and Lodge to demonstrate segregation in aggregates formed from a mikto-arm star-block copolymer (Fig. 2b) . 40 Although cryoTEM has now been established as an important technique for the visualization of a large range of self-assembled structures in solution, [41] [42] [43] it cannot unambiguously identify the morphology of 3D objects. This can be done, however, using cryo-electron tomography (cryoET). CryoET has been recognized as a strong and emerging technique in the biological sciences, [44] [45] [46] but is still virtually unexplored for the analysis of samples from synthetic origin. 47 It involves the acquisition of a series of cryoTEM images under different tilt angles and the subsequent computer-assisted reconstruction of the original 3D volume. Recently Laschewsky et al. have utilised cryoTEM (Fig. 2d ) and cryo-electron tomography (cryo-ET) to investigate and conclusively demonstrate the phase separated internal structure of raspberry-like micelles ( Fig. 2d) formed by an ABC linear block copolymer with comblike hydrophilic block (Fig. 2c) . 35 
Disk-like and toroidal micelles
After the finding that AB(C)-type polystyrene-poly(isocyanopeptide) block copolymers form helical aggregates, 48 in the past decade further external morphologies have been observed for amphiphilic block copolymer aggregates in dilute solutions, including disk-like and toroidal micelles. Disk-like (or oblate spherical) micelles, whilst remaining relatively rare, have been observed to form from a number of ABC-type amphiphilic copolymers with non-ionic 49, 50 as well as ionic hydrophilic blocks.
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In the former case a poly(ethylene oxide)-block-polystyreneblock-1,2-poly(butadiene) (PEO-PS-PB) copolymer was observed to form standard core-shell micelles with mixed PB-PS cores, however, fluorination of the PB component (PEO-PS-PB(F)) gave disk-like micelles due to the strong segregation between the perfluoro-block component and the PS. The formation of disk-like micelles from poly(acrylic acid)-blockpoly(methyl acrylate)-block-polystyrene (PAA-PMA-PS) was dependent upon the presence of diamino counterions (ethylene diamine, EDA or ethylenedioxy-bis-ethylenediamine, EDDA), the amount of THF (acting as a plasticiser) remaining in the surrounding aqueous/THF medium and the length of the hydrophobic blocks (Fig. 3) . Manipulation of these variables led to a high degree of control over micellar morphology enabling the switching between disk-like, cylindrical and spherical micelles. The interfacial curvature between the hydrophobic and hydrophilic components is dictated by volume and conformational differences between hydrophobic and charged hydrophilic blocks together with the interfacial energy between them. Correspondingly, the diamino counter-ions complexed with the PAA block altered both the volume and interfacial energy; the principle cause of disk formation being due to the condensed hydrophilic corona volume after complexation according to the authors. Nevertheless, the disk-like micelles were not thermodynamically stable in 100% water (in contrast to those observed for the PEO-PS-PB(F) copolymer) and required a plasticised core (supplied by the presence of THF in the dispersion medium).
It should be noted that disk-like micelles in the form of oblate (or prolate) spheroids are not stable morphologies for micelles according to the packing parameter model proposed by Israelachvili for simple hydrocarbon amphiphiles (Fig. 4) ; to paraphrase, ''the unacceptability of an oblate spheroid comes about because the peripheral regions have too great a curvature while the central regions are too thick''. This is due to thermodynamic packing considerations whereby such shapes lead to high energy (and consequently unstable) packing, instead globular or flattened micelles with rounded rims are predicted. Thus the formation of oblate spheroidal and disk-like morphologies should be due to additional factors other than straightforward consideration of the packing parameter of the hydrophobic chains. Where disk-like micelles are formed from molecular surfactants these are usually mixed systems with two or more molecular components or exist in strongly ionic solutions. [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] Lodge et al. note that for disk formation strong segregation between block components is needed, which indeed seems to be the case in other reported examples to date and is supported by theory and modelling. [64] [65] [66] Further disklike micelles (or discrete platelets) have been observed to form via internal crystallization processes: for PE containing diblock copolymers 67 in decane and in water; 68 for a polypeptide diblock copolymer; 69 and via ionic complex formation between AB and BC diblock copolymers. 70 These examples cannot be considered using the packing parameter model due to strong interactions between blocks; i.e. crystallisation is driving the self-assembly process. In contrast to disk-like micelles the packing parameter model predicts toroidal micelles for p z 0.44 a value which lies between that for spheres (p z 0.33) and that of cylinders (p z 0.5). The earliest examples of toroidal micelles formed were reported by Wooley et al. and resulted from the self-assembly of the same PAA-PMA-PS copolymers that formed the disk-like micelles but with different EDA and THF quantities. 71 Since then a number of ABC, ABA and AB amphiphilic block copolymers have been observed to form toroidal micelles. [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] In all cases the toroidal micelles are essentially looped cylindrical micelles although their formation has been proposed to arise by different pathways. Wooley et al. observed the formation of toroids from cylindrical and disk-like micelles through the elimination of high free energy end caps of cylindrical micelles or energetically unfavourable spherical micelles but also via the perforation of disc-like micelles 82 (Fig. 5C ). In contrast Ju and Wang reported that the stirring rate was the principle factor in the formation of toroids from a poly(4-vinypyridine)-block-polystyrene-block-poly(4-vinypyridine) (P4VP-PS-P4VP) in a dioxane/water mixture (from which the dioxane was removed by dialysis); slow stirring rates led to the formation of cylindrical micelles via end-to-end cylinder connection and faster rates led to increasing numbers of toroids formed through a cylinder-sphere-vesicle-ring transformation.
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The latter mechanism had previously been proposed by Liang et al. from experiment and real-space self-consistent field theory (Fig. 5a-f ).
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The majority of samples of toroidal micelles reported to date have wide size distributions (and are often accompanied by significant quantities of cylindrical micelles and/or cylindricaltoroidal networks) recently the formation of toroidal micelles highly uniform in size (diameters ¼ 70 AE 3 nm) and free of other morphologies has been reported from a polyisoprene-b-poly-(2-vinylpyridine) (PI-b-P2VP) diblock copolymer in a THF/ ethanol solvent mixture. 85 The production of samples of 'pure' View Article Online highly uniform toroidal micelles opens up the possibility for their application considerably and it is to be hoped that such uniformity might be reached in aqueous solutions in the immediate future.
Bicontinuous micelles
A bicontinuous morphology in a discrete amphiphilic block copolymer aggregate in dilute solution was first observed by Eisenberg et al. formed from a 4.3% PS 190 -b-PAA 20 solution in a 8.5% water-DMF mixture. 86 The exact internal morphology of this aggregate appeared to consist of interconnected rods but further details were not presented and no subsequent data have been presented in the literature. Subsequently the possibility of forming bicontinuous aggregates (or micelles) was proposed by Fraaije and Sevink based on self-consistent-field simulations of dispersed droplets of amphiphilic block copolymers. 87 The structures were generated by quenching a homogeneous droplet of a diblock copolymer A N-M B M with N ¼ 20, in an aqueous bath and then relaxing the structure by a dynamic variant of selfconsistent-field theory. The solvent was weakly selective and segregation was mild, c AS ¼ 1.7, c AB N ¼ 40, and c AS À c BS ¼ 0.3, so that A was slightly more solvophobic and B slightly more solvophilic. These parameters correlated with concentrated poly(propylene oxide)-poly(ethylene oxide) aqueous solutions in ambient conditions. These simulations resulted in a range of morphologies illustrated in Fig. 6 . In all cases the droplets developed an outer fuzzy layer of the solvophilic B block. The internal structures depended on the size ratio f ¼ M/N from f ¼ 0.35 to f ¼ 0.15 and changed from onion micelles with alternating A and B layer to a bicontinuous phase to a cylindrical phase and finally an inverted micellar phase. Too asymmetric polymers f ¼ 0.1 did not form any internal structure. Interestingly the nature of bicontinuous phase formed at f ¼ 0.25 was found not to vary with droplet size (Fig. 5b) .
Despite the relative simplicity of the linear AB block copolymer used in the Fraaije and Sevink simulations, to date the only bicontinuous aggregates demonstrated to form have been based on ABC structures, either linear or comb-like (Fig. 7) . The first conclusive observed bicontinuous phase in a discrete amphiphilic block copolymer aggregate was presented by Wooley et al. from an ABC block copolymer similar to the one that forms toroidal and disk-like micelles. PAA 99 -b-PMA 73 -b-PS 203 when complexed with 2,2 0 -(ethylenedioxy)diethylamine formed bicontinuous aggregates in a mixture of THF : water in a volume ratio 1 : 0.2. 88 As illustrated in Fig. 8 the bicontinuous nature of the aggregates was demonstrated by negative staining where the dark portions of the aggregates represent stained PAA blocks and the lighter portions represent hydrophobic blocks. The authors did not put forward an internal organisational model for these bicontinuous aggregates but did so for related porous aggregates (Fig. 8B) . When the THF : water content was increased to 1 : 0.8 lamellar aggregates were observed. The authors suggested that as the water content increased the PAA chains become more swollen with water and created flatter interfaces within the particles resulting in an internal lamellar phase separation, as opposed to residing on a concave interface at lower water content.
The first discrete bicontinuous aggregates where the internal morphology was conclusively demonstrated were observed for an amphiphilic polynorbornene-based block copolymer with comb-like segments of oligo(ethylene glycol)methyl ether (OEG) and a tri-peptide glycine-leucine-phenylalanine (GLF) (Fig. 9) .
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These aggregates were prepared by the dropwise addition of water to a DMSO solution of the copolymer followed by the removal of the organic solvent by dialysis against pure water. Conventional TEM using negative staining of the dried aggregates indicated the formation of internally structured nanospheres with outer diameters varying between 50 and 450 nm. Their existence in solution was confirmed by cryoTEM, and the internal structure of the aggregates was further investigated by cryo-ET (Fig. 10a and b) . The 3D visualization of the reconstructed volume revealed that these nanospheres contained an interior consisting of a bicontinuous assembly in which the branched network of worm-like hydrophobic peptide-containing segments is segregated from channels containing the hydrated OEG moieties. Cross-sections ( Fig. 10c and d) through the reconstructed volume revealed that the hydrophobic domains had diameters of $20 nm separated by water channels with diameters of $15 nm. In contrast to the predicted structures from Fraaije and Sevink, the cross-sections also showed that the shell which encloses the bicontinuous network has perforations connecting the internal and external aqueous phases. This is clearly demonstrated by segmentation presented in Fig.10d , which highlights both the bicontinuous structure and the perforations in the encapsulating shell. The 1 H NMR spectra in D 2 O demonstrated that the hydrophobic regions of the aggregates were formed by both the peptide side chain and the PN backbone. These observations further suggest that in an aqueous medium the OEG-modified PN folds back onto the peptide-modified PN part, together forming the hydrophobic domains. This underlines the fact that this copolymer cannot be considered as a simple AB diblock amphiphilic copolymer and is better described as an (A)B(C) block copolymer. Changing the tripeptide side chain from glycine-leucinephenylalanine (PNOEG-PNGLF) to leucine-valine-leucine (PNOEG-PNLVL), i.e. changing the polymer's composition but not its hydrophilic/hydrophobic balance, led to the formation of single, tightly folded and branched worm-like micelles. With both polymers having the same weight fraction of OEG-grafts (W OEG ¼ 0.33) and comparable molecular weights this difference in aggregation was attributed to the specific amino acid sequence of the peptide graft. Similarly PNOEG-PNGGG and PNOEG-PNGL which both have the same molecular weight (45 kg mol À1 ) and similar W OEG (0.38 and 0.39, respectively) formed small clustered micelles, and similar bicontinuous micelles to PNOEG-PNLVL respectively. The latter observation suggests that the presence of the glycine-leucine sequence, rather than the precise value of W OEG or the value of the packing parameter p, is critical in the formation of the bicontinuous internal structure in this case. This might imply that the formation of these aggregates is specifically related to their chemical structure; which may result from differences in the c parameters between segments and/or may be a consequence of peptide associations. The dependence of bicontinuous micelle formation on an ABC block copolymer structure of some form was further reinforced for a completely different amphiphilic block copolymer.
Aggregate dispersions of the semi-crystalline AB(C) comb-like block copolymer poly(ethylene oxide)-block-poly(octadecyl methacrylate) (PEO 39 -b-PODMA 17 , PEO-PODMA) (Fig. 7) 
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were formed by slow addition of water to THF solutions at 35 C and subsequent dialysis against water at the same temperature. DLS at 35 C indicated that the size of the aggregates was concentration dependent, giving diameters of $350 nm for 5 wt% and $275 nm for 1 wt% solutions. Furthermore, DSC analysis and fluorescence experiments of the 5 wt% solution revealed a thermal transition at T trans ¼ 22 C, assigned to the melting and crystallisation of portions of the octadecyl chains in the aggregates. CryoTEM allowed the variable temperature analysis of aggregate morphology by plunge freezing of a sample equilibrated at different temperatures. The 2D cryoTEM projection images of the 5 wt% solution vitrified at 4 C (below T trans ) showed round aggregates that possessed an ordered internal microphase-separated structure (Fig. 11a) . Samples vitrified at the transition point (22 C) showed spherical aggregates with a variety of internal structures with lower apparent order compared to those present at 4 C (Fig. 11b) . Also the projection images recorded at 45 C (above T trans ) showed round objects; however, these showed poor contrast with the surrounding vitrified ice matrix, and an ordered internal structure could no longer be observed (Fig. 11c) . Cryo-ET was performed both at 4 C and at 45 C to further analyze the internal structural transitions within the aggregates.
The 3D visualization of the reconstructed volumes revealed that spherical aggregates below T trans possessed a sponge-like mainly bicontinuous network structure of intertwined water-filled and carbon-rich channels (both $13 nm in thickness/diameter, Fig. 11a and b) . Similarly to the PNOEG-PNGLF aggregates the aqueous channels were in contact with the surrounding medium. While the majority of structural component of the aggregates at 4 C was observed to be bicontinuous, some internal lamellar organization was observed in place ( Fig. 12a and b) . The tilt series and 3D reconstructions ( Fig. 12c  and d ) recorded from the samples vitrified at 45 C still showed some residual but highly disordered microphase-separated internal structure, again with $13 nm dimensions.
The tomograms further showed that the order-disorder thermal transition is accompanied by a flattening of the aggregates to a more planar oblate spheroid morphology which, along with the amorphous nature of the block copolymer, also explains the reduced electron density observed in the 2D images. The resolution and contrast of the reconstructions, however, were not sufficient to determine whether the observed residual compartments were interconnected throughout the interior of the aggregates, as was the case below T trans .
As previously noted the self-assembly of amphiphilic block copolymers without strongly attractive segments can be considered as being described by the packing parameter defined by Israelachvili et al. (eqn (1)) . 13, 14 The principal necessity for formation of bicontinuous cubic phases is that the packing parameter, p, has a value greater than one and consequently the volume of the hydrocarbon/hydrophobic 'wedge' is substantially larger than the product of a and l. According to Hyde 91 the packing parameter can be related to the Gaussian curvature through eqn (2). Where hKi < 0 as a consequence of one of the two principal radii of curvatures (R 1 and R 2 ) being negative (hKi¼1/(R 1 R 2 ) and is the surface-averaged Gaussian curvature) leading to the wedge-like shape of the overall molecule forming the aggregate.
Further modifications to the packing parameter concept have allowed for the role of the hydrocarbon tail group to be included View Article Online in predicting aggregate shapes and properties. 92 This enables a preliminary interpretation of the occurrence of bicontinuous micelles for PAA-b-PMA-b-PS and PEO-PODMA. In both cases since it is expected that l scales with v, the formation of the bicontinuous phase results from a relatively reduced interfacial head group cross-sectional area (a) relative to v, giving a negative packing parameter value and negative (concave) curvature at the water-hydrophobe interface. It is notable that in the former case a transition from a bicontinuous to a lamellar organization results from an increase in water concentration relative to THF. This may result in an increase in the hydration of the PAA-EDDA corona and hence an increase in hydrophilic volume and the interfacial area (a), but it may also lead to a decrease in the relative hydrocarbon volume v, through deswelling of the hydrophobic component. Given that various weight fractions of the three blocks in the PAA-b-PMA-b-PS have been studied as reported in a number of publications 51, 52, 71, 82, 88, 93 and that only one example of a bicontinuous phase is given, this suggests that the appropriate balance between a and v is difficult to attain for these linear copolymers. The PEO-PODMA copolymer in contrast possesses an intrinsic high volume hydrocarbon region relative to the PEO component which has a relatively smaller cross-sectional area when hydrated. That an order-disorder thermal transition leads to the disappearance of the bicontinuous phase suggests that crystallization of the nano-phase separated side-chains is necessary for the bicontinuous phase. Essentially crystallization increases v and or decreases a, and thus decreases the packing parameter; this is easy to envisage since crystallization of the side chains necessitates an extended all trans-form in contrast to the coiling liquid chains above the melting point. Concomitantly, melting of the side-chains leads to a reduction in volume and increase in head group area.
These internally structured self-assembled nanospheres can be considered the polymeric analogues of cubosomes, aggregates that have liquid crystalline interiors with cubic or hexagonal order. Typically cubosomes are formed from low-molecularweight compounds that are often present as mixtures and often require stabilizers. [94] [95] [96] [97] [98] [99] [100] [101] The high degree of order found in low molecular weight cubosomes was only met in the aggregates formed by PEO-PODMA, the origin of which whilst not yet fully understood is thought to lie with the bulky comb-like block acting as the surfactant tail.
Conclusions
As may be surmised from the discussion above, it is a particularly exciting time to be studying block copolymer self-assembly. The shear range of macromolecular structures available through contemporary synthetic techniques means that the design of defined aggregate structures in solution with quite specific physical and chemical properties is entirely achievable and will continue apace. Whilst the Israelachvili packing parameter model is still of considerable use and can be utilised in the design of aggregates the available chemistries available to the synthesist means that tailored chemical and physical interactions in the selfassembled structures can over-ride this model and induce aggregate morphologies that might otherwise remain inaccessible. All of the aggregate morphologies described above deserve further study not only to elucidate the principles of self-assembly but also to ascertain differences in physical properties compared to their 'classical' counterpart morphologies (such as spherical and cylindrical micelles). Applications immediately suggest themselves in all cases and of particular interest are controlled delivery and organic/inorganic templating.
Molecular cubosomes are currently being explored as delivery agents of bioactive components and the polymer cubosomes presented above may provide future delivery agents with prolonged stability, suited for long term slow release applications. Particularly interesting is the possibility to have block copolymer aggregates with temperature-responsive structure and morphology. Low molecular weight cubosomes have also been suggested as mineralization templates. The present polymeric counterparts may be interesting alternatives in which the reduced dynamics of polymer aggregates may prevent structural rearrangement upon exposure to mineral ions. The high degree of order found in low molecular weight cubosomes was only met in the aggregates formed by PEO-PODMA, the origin of which whilst not yet fully understood is thought to lie with the bulky comb-like block acting as the surfactant tail. Dendritic, branched and comb-like hydrophobic polymer chains would appear to the ideal targets for the specific design of future polymer cubosomes therefore. Notably a recent report on dendritic amphiphiles also described cubosome formation.
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